Enhanced biological phosphorus removal (EBPR) is widely used for removal of phosphorus from wastewater. In this study, a metagenome (18.2 Gb) was generated using Illumina sequencing from a full-scale EBPR plant to study the community structure and genetic potential. Quantitative fluorescence in situ hybridization (qFISH) was applied as an independent method to evaluate the community structure. The results were in qualitative agreement, but a DNA extraction bias against gram positive bacteria using standard extraction protocols was identified, which would not have been identified without the use of qFISH. The genetic potential for community function showed enrichment of genes involved in phosphate metabolism and biofilm formation, reflecting the selective pressure of the EBPR process. Most contigs in the assembled metagenome had low similarity to genes from currently sequenced genomes, underlining the need for more reference genomes of key EBPR species. Only the genome of 'Candidatus Accumulibacter', a genus of phosphorus-removing organisms, was closely enough related to the species present in the metagenome to allow for detailed investigations. Accumulibacter accounted for only 4.8% of all bacteria by qFISH, but the depth of sequencing enabled detailed insight into their microdiversity in the full-scale plant. Only 15% of the reads matching Accumulibacter had a high similarity (495%) to the sequenced Accumulibacter clade IIA strain UW-1 genome, indicating the presence of some microdiversity. The differences in gene complement between the Accumulibacter clades were limited to genes for extracellular polymeric substances and phage-related genes, suggesting a selective pressure from phages on the Accumulibacter diversity.
Introduction
Enhanced biological phosphorus removal (EBPR) is widely used in wastewater treatment to remove phosphorus from wastewater to protect receiving waters from eutrophication and to improve recovery of the nonrenewable resource phosphorus (Seviour et al., 2003; Oehmen et al., 2007) . Even though many EBPR wastewater treatment plants (WWTPs) run well, the phosphorus-removal capacity can at times deteriorate, which is often attributed to competition between beneficial and detrimental bacteria in the plants (Oehmen et al., 2007) . Optimization of the EBPR process has so far largely been based on empirical knowledge of plant configuration and process parameters. Hence, further understanding of the microbial community might lead to improved operation of EBPR WWTPs.
The organisms facilitating EBPR are called polyphosphate accumulating organisms (PAOs) and the most important PAOs have been identified using culture independent methods as 'Candidatus Accumulibacter phosphatis' (hereafter called Accumulibacter) (Hesselmann et al., 1999; Crocetti et al., 2000) and the actinobacterial genus Tetrasphaera (Kong et al., 2005; Nguyen et al., 2011) . Little is known about PAO physiology due to the absence of axenic cultures, but a milestone in the understanding of the physiology of Accumulibacter was achieved by obtaining the genome sequence of 'Candidatus Accumulibacter phosphatis' clade IIA strain UW-1 from an enrichment culture (Garcia Martin et al., 2006) . Several studies have subsequently used the genome sequence to understand better the special physiology of Accumulibacter, for example, by applying proteomic (Wexler et al., 2009 ) and transcriptomic studies on enriched laboratory reactors He and McMahon, 2010) .
Information about PAOs in full-scale EBPR plants is, however, more scarce as only few studies have investigated abundance and aspects of the ecophysiology of Accumulibacter and Tetrasphaera (Zilles et al., 2002; Kong et al., 2004 Kong et al., , 2005 Kong et al., , 2007 Nguyen et al., 2011) . Furthermore, hardly anything is known about the flanking community, that is, bacteria providing substrate to the PAOs, such as fermenters, and bacteria involved in hydrolysis of macromolecules; hence there is a great need for more studies of full-scale EBPR plants.
Recently, we performed a survey of 25 Danish EBPR plants using quantitative fluorescence in situ hybridization (qFISH) with an array of oligonucleotide probes and identified a surprisingly stable core community in all EBPR plants consisting of a limited number of probe-defined species (Nielsen et al., 2010) . Based on these observations and results from a number of studies of the ecophysiology of some of these core members, we established a conceptual ecosystem model of the EBPR process. The model includes the present knowledge about identity and function of bacteria involved in the different processes in EBPR plants, for example, also nitrification and denitrification. We propose that EBPR is not only industrially relevant but serve as a model system to study microbial ecology because of the relative stable core community and the strict control of input and output to the system. Studies of microbial ecosystems can be carried out in unprecedented details by metagenomic analysis using next-generation sequencing. Metagenomics now offers the possibility to study the phylogenetic composition and functional potential of a complex community without prior enrichment, exemplified by metagenomics of the human gut microbiome and the cow rumen microbiome (Qin et al., 2010; Hess et al., 2011) . Although metagenomics is still not able to provide the same detailed understanding as single genome analysis, it can serve as an entry point into the community-wide profiling of systems by providing a blueprint through which hypotheses can be generated and further studies designed (Kunin et al., 2008a) . So far, only a single metagenomic study has been published on a microbial community from a full-scale wastewater treatment system (a conventional activated sludge plant; Sanapareddy et al., 2009) , and no information is available from fullscale systems carrying out the EBPR process.
In this study, we generated a metagenome of the microbial community of a full-scale EBPR WWTP and investigated the community structure and genetic potential in detail. The aims were (1) to compare the metagenomic community composition with a DNA-extraction independent method based on qFISH data from the same treatment plant, (2) compare the functional potential with those identified through the conceptual EBPR ecosystem model, (3) compare the functional potential of the metagenome with other metagenomes, (4) investigate whether existing reference genomes are representative for microorganisms present in the community, and finally, (5) if they are, to study the degree of microdiversity of selected species.
Materials and methods

Sampling
Activated sludge was taken from the aeration tank at Aalborg East WWTP, Denmark (57.0445651 N, 10 .0475981 E) on 4 August 2009. The plant has a biodenipho configuration, which includes an anaerobic tank and a tank with alternating denitrifying anoxic and nitrifying oxic conditions. The plant treats mainly domestic wastewater and serves 100 000 person equivalents with an average load of 45 000 person equivalents. The plant had stable EBPR performance for several years prior to the time of sampling removing 495% of the incoming P (10-20 mg P l À1 ) resulting in effluent concentrations below 0.5 mg P l À1 .
Quantitative FISH qFISH was conducted as described in Nielsen et al. (2010) with an extensive set of 32 oligonucleotide probes that covers most of the diversity usually found in Danish EBPR plants. A list of probes and their target groups can be found in Supplementary  Table S1 .
Metagenomic DNA extraction and sequencing Total genomic DNA was extracted from 1.5 ml of activated sludge using the Fast DNA Spin kit for soil (MP Biomedicals, Solon, OH, USA), according to the manufacturer's instructions, except initial cell lysis, which was conducted using a Precellys Homogenizer (Bertin Technologies, Montigny le Bretonneux, France) at 6500 rpm for 3 Â 5 s. Following extraction, the integrity of the DNA was verified using gel electrophoresis and concentration measured with a NanoDrop spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE, USA). Following polyacrylamide gel electrophoresis, the 350-400-bp fraction was excised and extracted, and the DNA was afterwards processed according to the genomic DNA sample preparation kit protocol (Illumina Inc., San Diego, CA, USA) using 5 mg of DNA, 8 min of nebulisation and 12 cycles of PCR amplification. Paired End Sequencing (2 Â 72 bp) was performed on an Illumina GAII using the Paired End Cluster Generation kit (version 2), and Sequencing kit (version 3), according to the manufacturer's instructions.
Quality filtering and de novo assembly Base-calling was performed by the Illumina Genome Analyser Pipeline software version 1.5.1 and the resulting files were imported into the CLC Genomics Workbench version 4.5 (CLC Bio, Aarhus, Denmark).
The reads were trimmed using a minimum quality score of 20, a minimum read length of 35 bp and allowing no ambiguous nucleotides. The reads were assembled using CLC's de novo assembly algorithm and contigs X300 bp were retained for further analysis. The remaining contigs were clustered using cd-hit-est v.4.2.1 (Li and Godzik, 2006) , with the following parameters: Àc 0.95 and -r 1. The read coverage of the individual contigs was calculated by aligning the reads to the contigs using CLC's reference mapping algorithm, requiring 95% identity over 90% of the read length. The set of nonredundant contigs was uploaded to the MG-RAST v2 server (Meyer et al., 2008 ) (accession number: 4463936.3) and used in local database searches.
Gene prediction
Open reading frames (ORFs) were predicted using MetaGeneAnnotator (Noguchi et al., 2008) with the -m parameter for multiple species. The predicted ORFs were translated to proteins using the NCBI translation Taxonomic binning and functional assignment Taxonomic binning of the predicted proteins was made using MEGAN v. 4.30 (Huson et al., 2007) based on the BLASTP searches. MEGAN uses a lowest common ancestor approach that assigns a sequence to the lowest common ancestor if it cannot be assigned uniquely to a given species. To be uniquely assigned to a species a 10% bit score difference to the closest relative was required. A custom made program was used to calculate the percentage genome coverage, individual gene coverage, percentage protein identity and construct recruitment plots on the basis of the BLASTP searches. Functional assignments were conducted through the SEED subsystems of the MG-RAST v2 server, using an e-value of minimum 1 e À5 . The results were compared with 26 metagenomes from six different biomes selected from Dinsdale et al. (2008) using the MG-RAST v2 server and the metagenome from a non-EBPR WWTP (Sanapareddy et al., 2009 ) (see Supplementary Table S2 for details).
Polyphosphate kinase 1 (ppk1) analysis Total genomic DNA was extracted from the same sludge sample by the use of the Fast DNA Spin kit for soil (MP Biomedicals). PCR amplification of ppk1 fragments was done using the primers ACCppk1-254F and ACCppk1-1376R and HotStar Taq polymerase (Qiagen AB, Sollentuna, Sweden) with 25 cycles of: 95 1C for 30 s, 66 1C for 1 min and 72 1C for 2 min. To obtain a product, the annealing temperature was 2 1C lower than published. The product was cloned (TOPO-XL; Invitrogen, Helleup, Denmark) and sequenced (Macrogen, Seoul, Korea). Publicly available fulllength ppk1 sequences representing the diversity of the Betaproteobacteria were globally aligned using t-coffee (Notredame et al., 2000) and imported into ARB v. 5.2 (Ludwig et al., 2004) . Publically available environmental sequences and the sequences obtained in the current study were aligned locally against the global alignment. A phylogenetic tree was constructed using RAxML, v. 7.0.3 (Stamatakis, 2006) implemented in ARB, comparing the 362 amino acid positions encoded by the Accumulibacter ppk1 PCR product. The calculation used Dayhoff substitution matrix, rapid hill climbing and PROT-MIX rate distribution model. In silico ppk1 probes were designed to discriminate clade II (IIA:
in the same region of the ppk1 gene.
Accumulibacter microdiversity
To investigate the microdiversity of Accumulibacter in the metagenome, a reference mapping was conducted against the Accumulibacter clade IIA strain UW-1 genome (NC_013194) using CLC's reference mapping algorithm (minimum 85% similarity over 70% of the read length). A custom-made program was used to visualize the mapping. Circos v. 0.54 (Krzywinski et al., 2009 ) was used to construct circular genome visualizations. The specificity and sensitivity of the reference mapping was investigated by reference mapping to 87 ppk1 genes from Accumulibacter and closely related species (see Supplementary Text and Supplementary Figure S7 ).
Results and discussion
The metagenome sequencing of the activated sludge sample from Aalborg East WWTP resulted in 205 million reads after quality filtering which were assembled using CLC's de novo assembly algorithm, resulting in 269 385 contigs with a minimum length of 300 bp, an average length of 540 bp and a maximum contig length of 32 884 bp (Table 1 , Supplementary Figures S1 and S2). The minimum contig length of 300 bp was chosen as it ensured a reasonable length for ORF prediction and resulted in a dataset of a manageable size. The percentage of reads assembled into contigs over 300 bp (16%) was lower than reported for the human gut metagenome by Qin et al. (2010) , where they were able to assemble 20-55% of reads (of similar length) into contigs over 500 bp. This difference might be a combination of (i) a greater diversity in the EBPR metagenome compared with the human gut microbiome, (ii) limitations of the DNA assembly algorithms to effectively deal with sequence microdiversity and (iii) a large difference in species abundance that results in an uneven representation of genome sequences from different species (Pop, 2009 ). In addition, the CLC de novo assembly algorithm does not scaffold, which might contribute to some of the difference compared with other algorithms. Nonetheless, the overall assembly encompassed 145 Mb of nonredundant sequence equivalent to approximately 30-40 full bacterial genomes. In total, 338 863 ORFs were predicted in the assembled contigs and 61% could be assigned a putative function and species (Table 1) .
Community structure-comparison of qFISH and metagenome results qFISH using many specific and some broader oligonucleotide probes (Supplementary Table S1 ) allowed us to identify and quantify approximately 90% of all bacteria targeted by the EUBmix probe. The primary function in the treatment process is known for most of these bacteria (that is, nitrifiers, denitrifiers, PAOs and so on; Nielsen et al., 2010) . The abundances of probe-defined populations in these functional groups are shown in Figure 1a . As the number of available reference genomes is still low and does not represent the phylogenetic diversity of EBPR (see below), it was rarely possible to identify the same genera in the metagenome as with qFISH. Therefore, a comparison was made at the phylum level (Figures 1b and c) . As the specific FISH probes used cover most of the diversity within their respective phyla, the error of summing to the phylum level is relatively small. As an example, the specific probes used for Tetrasphaera and Microthrix covers most of the diversity within actinobacteria found in Danish EBPR treatment plants (Nielsen et al., 2010; Nguyen et al., 2011) . The most abundant phyla identified using qFISH also dominated the metagenome with many proteobacteria and bacteroidetes, and a notable number of ORFs assigned to firmicutes, chloroflexi and actinobacteria (Figure 1b) . However, significant quantitative differences were observed. It is evident that actinobacteria (3% vs 30%), chloroflexi (3% vs 17%) and TM7 (0.3% vs 5%) were underrepresented in the metagenome compared with the qFISH data, whereas bacteroidetes (6% vs 37%) was overrepresented. There could be a number of explanations for this: specificity of the FISH probes or incomplete probe coverage, biovolume measurement versus DNA abundance, intact cells (FISH) versus all DNA (including extracellular DNA, Dominiak et al., 2011) , lack of suitable reference genomes in the database to facilitate taxonomic assignment of metagenomic contigs, relative difference in genome sizes, and in the case of short read metagenomics, relative difference in the sequence assembly itself, and potentially a DNA extraction bias.
We expected to identify a high number of reads assigned to actinobacteria in the metagenome as the actinobacterial genera Tetrasphaera were present in high numbers according to the qFISH data. To investigate if the low number of ORFs annotated to actinobacteria was due to lack of closely related Tetrasphaera genomes, we added four draft genomes of pure cultures from this genus to the database (unpublished data). However, this resulted in only 400 (0.2%) additional ORFs assigned to the actinobacteria. As an unknown microdiversity might prevent de novo assembly of Tetrasphaera metagenome reads, we also conducted recruitment of the raw metagenome reads directly to the four Tetrasphaera genomes. In total, 0.4% of all reads recruited to the four genomes confirmed the low abundance of Tetrasphaera in the metagenome. Therefore, the underrepresentation of actinobacteria (Tetrasphaera) in the metagenome is not due to shortcomings of the databases available. Instead, as Tetrasphaera are gram positive bacteria, a DNA extraction bias against gram positive bacteria would explain at least some of the underrepresentation of actinobacteria in the metagenome. A DNA extraction bias might also explain some of the underrepresentation of chloroflexi, where several genomes are available in the database, as chloroflexi can have complex layered cell envelopes (Sutcliffe, 2010) . The low abundance of TM7 in the metagenome is also likely to be influenced by an extraction DNA bias as TM7 is gram positive (Hugenholtz et al., 2001) or because of lack of representative genomes as only four partial genomes were available for the N50 is the length of the smallest contig in the set that contains the fewest (largest) contigs whose combined length represents at least 50% of the assembly (Miller et al., 2010) . The number of ORFassigned putative functions was calculated on the basis of a BLASTP search against a subset of the NCBI nr database containing all bacterial, archaeal and viral proteins using an expect value (e-value) cutoff of 1e À5 .
a Based on a reference mapping of reads to contigs with the criteria of 95% identity over 90% of the read length. b Calculated on the basis of contigs X300 bp.
A metagenome of a full-scale EBPR plant M Albertsen et al TM7 phylum at the time of analysis. Overrepresentation of bacteroidetes has also been observed in other studies based on DNA extraction, which might be attributed to the ease of lysing some gram negative bacteria compared with gram positive bacteria (Salonen et al., 2010; Dethlefsen and Relman, 2011) . In this study, we used the FastDNA kit for DNA extraction, which was previously assessed as the best available for activated sludge communities ORFs were assigned based on a 10% bitscore difference to other BLAST hits; only nodes with over 200 ORFs assigned are shown. The numbers after descriptions denotes, respectively, the number of ORFs assigned to the particular node and the sum of ORFs assigned below the particular node. AOB, ammonia-oxidizing bacteria; GAO, glycogen-accumulating organism; NOB, nitrite-oxidizing bacteria; PAO, polyphosphate-accumulating organism. (Vanysacker et al., 2010) . In our experience, it provides the highest and most consistent DNA yield compared with other DNA extraction procedures we have tested (data not shown). However, the method may be supplemented with enzymatic lysis to increase the amount of gram positive bacteria. Other studies have also seen quantitative differences between FISH data and 16S rRNA gene clone libraries that are believed to be primarily due to extraction bias (Juretschko et al., 2002; Kong et al., 2007) . In addition, a recent metagenome study of an in vitro-simulated microbial community compared different extraction protocols and sequencing techniques, and found that the extraction protocols had a profound effect on the metagenomic microbial community structure (Morgan et al., 2010) . Therefore, quantitative metagenome results must be interpreted with caution and they cannot readily be used to prove absence of species or functions, and if possible, they have to be complemented with methods independent of DNA extraction such as FISH.
Similarity of metagenome species to known genomes
Only few publicly available reference genome sequences had a high number of ORFs assigned (Supplementary Figure S3) . Figure 2 provides an overview of the ten genomes with the highest number of ORFs assigned. Of these, only Accumulibacter clade IIA, Dechloromonas aromatica RCB and Nitrosomonas sp. AL212 had a high number of ORFs assigned with high identity (475%) and a relatively high coverage of the protein coding regions (40-80%), indicating that these species have closely related strains present in this activated sludge. These three genera are also part of the core microbiome in EBPR plants (for example, Kong et al., 2007) , and the Accumulibacter and Nitrosomonas sp. AL212 genomes were retrieved from wastewater treatment systems. However, a closer look at the genomes and their ability to recruit reads from the metagenome revealed that only Accumulibacter could be used for further studies of the microdiversity, see below.
The high number of ORFs assigned to the phylum bacteroidetes (Figure 1 ) is likely to be related to bacteria identified by the qFISH-probes targeting the family of saprospiraceae (class sphingobacteria, E5%) including the genus Haliscomenobacter (2%) and the genus 'Candidatus Epiflobacter' (Xia et al., 2008) . However, at the time of analysis, no reference genomes within the family saprospiraceae were available; the closest related full genomes were the more distantly related Chitinophaga and Pedobacter within the class of sphingobacteria. In agreement with this hypothesis, the ORFs assigned to the three genome sequences from sphingobacteria had a relatively low percent identity compared with the reference genomes and a relatively low genome coverage (13-24%), indicating that these genomes recruited ORFs from more distantly related species (Figure 2) . Interestingly, many of the bacteria targeted by rather specific gene probes in the EBPR community had low similarity and low abundance compared with genomes of species from same genus in the reference databases. Examples are Thauera (1099 ORFs assigned, 69% average ORF similarity and 1 sequenced genome in the database), Azoarcus (1201 ORFs, 68% similarity, 1 genome) and Streptococcus (171 ORFs, 51% similarity, 54 genomes). Thus, the isolated sequenced species in the database are still not sufficiently closely related to the strains in the EBPR community for reliable taxonomic assignment. This genetic difference likely reflects considerable physiological differences between the sequenced isolates and the strains present in the EBPR plant.
The present metagenome also has the potential to direct further development of FISH probes to target a larger fraction of the community. Based on high abundance in the metagenome, additional FISH-probes targeting the orders of burkholderiales (betaproteobacteria), cytophagacea (bacteroidetes) and sphingomonadales (alphaproteobacteria) could complement the existing FISH probes.
The functional potential of the metagenome reflected EBPR selection pressure The overall functional potential of the metagenome was compared with an average of 26 microbial metagenomes from six distinct biomes (selected from Dinsdale et al., 2008) and with the metagenome of a non-EBPR WWTP (Sanapareddy et al., 2009) through the use of the SEED subsystems (Figure 3) . No proteins were assigned to photosynthesis in the EBPR community, as was expected for a WWTP. A high abundance of phosphorus metabolism was detected, which can be attributed to the selection in EBPR treatment plants for microorganisms with the ability to store and use polyphosphate.
A relatively high number of proteins was assigned to cell wall and capsule formation. This might be attributed to the high abundance of bacteria in treatment plants involved in the production and degradation of extracellular macromolecules as they grow in flocs or biofilms. As an example, 167 proteins in the metagenome were assigned to alginate metabolism, a polysaccharide that has been hypothesized to play an important role in biofilm formation in activated sludge systems (Lin et al., 2010) . The high number of proteins attributed to the production of extracellular macromolecules may also be attributed to the strong selective pressure on activated sludge bacteria for effective floc/biofilm formation that leads to the good settling properties that are required to retain the biomass in the plant. In comparison with our community, the non-EBPR treatment plant had a higher number of proteins assigned to the metabolism of aromatic compounds. This may be attributed to the high industrial and medical wastewater load (Sanapareddy et al., 2009) , in comparison with Aalborg East WWTP, which mainly treats municipal wastewater. Future investigations of different EBPR metagenomes may reveal other functions specific for the EBPR process.
Phages and transposases were abundant in the metagenome In line with previous metagenomic studies, we found that transposases were prevalent in the metagenome, accounting for 1.6%. of all annotated sequences (3478 identified) (Brazelton and Baross, 2009; Konstantinidis et al., 2009; Sanapareddy et al., 2009; Aziz et al., 2010) . In addition, a high number of phage proteins were identified. As an example, all ORFs predicted in the largest contig (32 884 bp) were Figure 3 SEED subsystem comparison of the functional potential of the Aalborg East EBPR metagenome with a non-EBPR WWTP metagenome (Sanapareddy et al., 2009) and an average of 26 microbial metagenomes from six distinct biomes (Dinsdale et al., 2008) . The data for the 26 microbial metagenomes is shown in a box plot with median, 25th percentile, 75th percentile, minimum and maximum values depicted.
A metagenome of a full-scale EBPR plant M Albertsen et al annotated as either hypothetical or phage-related proteins, indicating that we have assembled at least part of a phage (Supplementary Figure S4) . However, the host-specificity of the phage could not be suggested based on sequence similarity to prophages in sequenced genomes. Phages have recently been found to affect population dynamics of Accumulibacter in laboratory-scale enrichments (Kunin et al., 2008b; Barr et al., 2010) , and the presence of phages in the metagenome of the full-scale plant suggests that deeply-sequenced metagenomic studies show promise for identifying the active phages in full-scale WWTPs.
Microdiversity and core genes of Accumulibacter
The Accumulibacter ppk1 sequences have been used as a phylogenetic marker for the genus and the known sequences appear to cover much of the in situ diversity . We amplified and sequenced 25 partial ppk1 sequences from Aalborg East WWTP and the sequences fell largely within the known diversity (Supplementary Figure S5) . However, it is interesting that all ppk1 sequences were assigned to Accumulibacter clade II (IIA, IIB and IIx) and none to Accumulibacter clade I, even though the qFISH results indicated that clade I was the dominant clade. An extraction bias against clade I seems unlikely as this would infer that the clades have markedly different cell wall composition. Therefore, to further investigate the clade discrepancy, putative clade I and II 16S rRNA reads were identified in the metagenome by searching the clade I and II FISH probes against the 205 million raw metagenome reads, which resulted in 38 clade I and 23 clade II putative 16S rRNA reads. Applying the same principle using a single region discriminating clade I and II ppk1 sequences, we identified 25 clade II (9 Â IIA, 4 Â IIB, 6 Â IIC þ IID and 6 Â IIE) and 0 clade I putative ppk1 reads. Hence, the observed discrepancy might be a factor of incomparable tree topology between ppk1 and 16S rRNA gene sequences or the available ppk1 sequences (and primers) do not represent the clade I diversity found in the treatment plant investigated in this study. This is contrary to Kim et al. (2010) , who concluded that ppk1 and 16S rRNA tree topology seemed congruent. However, more full genomes (or isolates) are needed to compare 16S rRNA and ppk1 gene topologies definitively. After assembly of the short metagenome reads into longer contigs, we were able to bin 7313 ORFs to Accumulibacter with a relatively high similarity (average 76% amino-acid similarity). However, no clear observations could be made about the microdiversity. The high similarity made it possible to utilize the full metagenome dataset instead of the subset of reads that could be assembled into contigs. This effectively increased the entire dataset, a factor B100 from 145 to 12 500 Mb of sequence, thereby enabling a more comprehensive investigation of the genome-wide microdiversity within the Accumulibacter species present in the metagenome.
In short, a reference assembly was made against the genome of Accumulibacter clade IIA strain UW-1 with all 205 million metagenome reads. The short read length required rather strict mapping criteria (85% identity over 70% of the read) to include Accumulibacter sequences without including reads from other bacteria, compared with other studies using longer reads (Rusch et al., 2007) . In total, 1 428 946 reads (0.71% of all) were recruited to the Accumulibacter genome with the rRNA and tRNA genes masked.
A graphical overview of the reference mapping is shown in Figure 4a . It illustrates that the reads had a distribution that facilitated grouping into matches at a high identity (179 741 reads E95-100% nucleotide identity) and a 7-time more abundant pool of reads with a lower identity (1 249 205 reads E85% nucleotide identity). The high-identity reads were evenly distributed along the entire genome, including hypothetical proteins (Figure 4b ). In contrast, reads with lower identity had a more discrete distribution with markedly higher coverage of functional annotated genes compared with hypothetical proteins. The two, somewhat separated, read pools coincide with the sequence-discrete populations observed in other studies (Rusch et al., 2007; Konstantinidis and Delong, 2008) . The relative low percentage of reads mapped to Accumulibacter (0.71%) compared with the biomass fraction of 4.8% determined by qFISH might be a consequence of disproportionally recruiting reads to the core genes of Accumulibacter and missing a considerable number of reads from genes in the pan-genome of Accumulibacter.
If we assume that the two read pools represent different Accumulibacter clades, then the smaller pool with 495% identity is putatively closely related to clade IIA (15% of all Accumulibacter reads), and the o95% identity pool of reads putatively represent the other Accumulibacter clades that are present. The high number of reads enables a comparison of the relative abundance in the two read pools of the genes they share with the clade IIA strain. We chose to use the fraction of the gene covered by metagenome reads (percent covered gene length) as a measure of the prevalence of a specific gene instead of the average number of metagenome reads recruiting to the specific gene (average gene coverage). The percent covered gene length mitigates the effect of highly conserved areas in genes, which would otherwise have a significant effect on the average gene coverage. In order to compare which genes that differed between the high (495%) and low (p95%) identity read pools, the read-pool size of the low-identity group was normalized to the same size as the high-identity read pool (by subsampling), thereby effectively comparing the prevalent genes in both read pools (Supplementary Figure S6) . Genes were classified as prevalent in one read pool compared with the other by having more than 50% more sequence covered in one of the read pools. In total, 353 genes were classified as exclusively to the high-identity read pool and 22 genes were classified as exclusive to the low-identity read pool. However, the main differences besides hypothetical proteins (51% of all) seemed to be phage-related and no major differences in essential gene content was found between the putative different groups of Accumulibacter.
By classifying genes that were o10% covered by metagenome reads as unique to Accumulibacter clade IIA strain UW-1, 203 genes could be identified. To investigate these genes further, a circular genome plot was constructed to visualize genes potentially missing from the Accumulibacter strains present in the metagenome compared with the reference genome ( Figure 5) . A general trend was that the missing genes were localized in clusters and the main differences were related to phage predation and defense. The two EPS (extracellular polymeric substances) cassettes identified in the Accumulibacter genome (Garcia Martin et al., 2006) were not found within the genomes of the strains present in this metagenome, although some coverage was seen in very confined places owing to local sequence conservation. The mobility of EPS cassettes has been proposed to be involved in defense against phage predation (Kunin et al., 2008b) . It is interesting that a high number of transposable elements are located within both of these clusters, which might enable the observed hyper variability compared with the rest of the genome. In addition, the observed lack of coverage within the two clustered regularly interspaced short palindromic repeats loci suggests that phage defense is highly active within the Accumulibacter species in the WWTP.
In conclusion, the diversity of Accumulibacter strains in the full-scale plants had considerable sequence divergence from the sequenced clade IIA strain, but shared majority of the genes (metabolic potential), exceptions being only typically variable A metagenome of a full-scale EBPR plant M Albertsen et al elements such as surface proteins and phage-related genes. This suggests a considerable functional redundancy within the diversity of these process critical organisms. However, we are only able to investigate genes that are present in the sequenced Accumulibacter clade IIA strain, which was assembled from a highly enriched lab-scale reactor. Other Accumulibacter strains may possess genes that enable ecological differentiation, which has been shown to exist between different clades in lab-scale reactors (Flowers et al., 2009 ) and hypothesized to be present in nature (Peterson et al., 2008) .
The EBPR ecosystem-a future model system in microbial ecology The full-scale EBPR system investigated in this study is one of the best studied complex microbial ecosystems described to date (Nielsen et al., 2010) in addition to, for example, the acid mine drainage (Denef et al., 2010) . So far, more traditional approaches have been applied to study the fullscale EBPR system (for example, the full cycle 16S rRNA approach and single cell microbiology), and this study clearly underline that metagenomebased work is needed for a deeper understanding of Figure 5 Circular visualization of gene clusters unique to Accumulibacter clade IIA strain UW-1. Ring two represents the full Accumulibacter genome and in ring one and three selected areas of the genome have been expanded. Below each ring, the coverage profile is shown (yellow fill). The coverage profiles were calculated on the basis of the reference mapping and binned in either 10-kb (ring two) or 200-bp fragments (ring one and three). The coverage profile maximum was set at 10 to facilitate visualization (average coverage). Small marks represent 10 kb of sequence in all rings.
A metagenome of a full-scale EBPR plant M Albertsen et al these engineered and highly complex communities. Clear differences to biomes from other ecosystems, also the only one existing from a WWTP, were demonstrated on the overall phylogenetic and functional level. However, the importance of not relying on a single approach in microbial ecology was demonstrated with the discrepancies between qFISH counts and metagenomic read numbers, although both are considered to be among the most reliable approaches currently available for quantitative microbial community analyses. We stress that these methods should be used in parallel whenever possible. The metagenome showed its great potential for mining functions of interest, such as the potential for alginate biosynthesis and possible phage-controlled microdiversity in Accumulibacter.
However, the study also demonstrated that the lack of proper reference genomes is a real limitation of our approach to study these plants in detail in accordance with findings for other complex ecosystems (Nelson et al., 2010) , and single cell genomics or deep sequencing is necessary to reveal the true diversity and at the same time increase the suitability for further transcriptomic or proteomic analyses. Although only one proper reference genome was available, we could demonstrate the great possibilities in the use of deep sequencing for investigations of genomic plasticity even in highly complex environments as exemplified through the Accumulibacter genome-wide gene-complement analysis. As key organisms in EBPR plants, Accumulibacter is a well-suited model organism for PAO metabolism, and further insights into their microdiversity, shared core genes and defense mechanisms (for example, to phages) are needed for unraveling in depth the structure-function relationships in EBPR systems with a high resolution (even to strain or ecotype). This is of interest beyond wastewater research as EBPR plants are more accessible and much easier to manipulate than most natural microbial ecosystems, and are therefore perfect as model systems in microbial ecology.
